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Mont TerriIn a deep geological repository (DGR) for nuclear wastes, several mechanisms such as waste form degradation and
corrosion could lead to gas generation. The produced gas can potentially overpressurize the repository, alter the hy-
draulic andmechanical properties of the host rock and affect the long termcontainment functionof the natural (host
rock) and engineered barriers. Thus, the understanding of the gas migration within the host rock and engineered
barriers and the associated potential impacts on their integrity is important for the safety assessment of a DGR. In
this paper, a coupled hydro-mechanical model for predicting and simulating the gas migration in sedimentary
host rock is presented. A detailed formulation coupling moisture (liquid water and water vapor) and gas transfer
in a deformable porous medium is given. The model takes into account the damage-controlled ﬂuid (gas, water)
ﬂow as well as the coupling of hydraulic and mechanical processes (e.g., stress, deformation). The model also con-
siders the coupling of the diffusion coefﬁcient withmechanical deformation aswell as considers themodiﬁcation of
capillary pressure due to the variation of permeability and porosity. The prediction capability of the developed
model is tested against laboratory scale and in situ experiments conducted on potential host sedimentary rocks
for nuclearwaste disposal. Themodel predictions are in good agreementwith the experimental results. The numer-
ical simulations of the laboratory and ﬁeld gas injection tests provide a better understanding of the mechanisms of
gas migration and the potential effects of excessive gas pressure on the host sedimentary rocks. This research work
has allowed us to identify key features related to gas generation andmigration that are considered important in the
long term safety assessment of a DGR in sedimentary host formations.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
The disposal of nuclear waste in deep sedimentary rock formations
is currently investigated in several countries (e.g., Canada, France,
Germany, India, Switzerland). For example, in Canada, a repository for
low and intermediate level radioactive wastes is being proposed in
Ontario's sedimentary rock formations (Nasir et al., 2011, 2013; Fall
and Nasir, 2011). Signiﬁcant quantities of gas can be generated in un-
derground repositories for radioactive waste. The main mechanisms of
gas generation in an underground nuclear waste repository are corro-
sion of metals in waste containers and/or in the waste, radiolysis of
water and organicmaterials andmicrobial degradation of organicmate-
rials. The gas generation rates are likely to be signiﬁcantly higher for re-
positories with intermediate level waste (ILW) and low level waste
(LLW) than for those with high level waste (HLW) or spent fuel. The
reason is that there are larger volumes of metals and organic materialsering, University of Ottawa, 161
3 562 5800x6558; fax: +1 613
. This is an open access article underin the former compared to the latter two (Rodwell, 1999) types of re-
positories. These gases could migrate through engineered and natural
geological barrier systems. The pressure in the generated gas would
build up, and could induce the formation of either microcracks or
macrocracks and/or enlarge the pore structure of the barrier material.
This could affect the long-term performance of the barriers against con-
taminant transport (Fig. 1). Furthermore, these gases could signiﬁcantly
impact the biosphere and groundwater as shown in Fig. 1. Thus, the as-
sessment of the long term safety of a repository for nuclear waste in
deep sedimentary rock formation requires a good understanding of
the process of gas migration and its impact on the host rock.
The understanding of gas migration and its potential impact on the
host sedimentary rocks has been a key target for all major international
waste isolation programs (e.g., ANDRA in France, NDA in UK, NAGRA in
Switzerland, NWMO in Canada, SKB in Sweden, SCK-CEN in Belgium).
During the past years, main research efforts have been spent on gasmi-
gration in sedimentary rock. Several laboratory experiments on gas
transport through natural (e.g., argillite) or engineered (e.g., bentonite)
porous media have been performed (e.g., Horseman et al., 1999; Galle,
2000; Davy et al., 2007; Arnedo et al., 2008). These studies have
shown that the migration of gas in porous media (e.g., sedimentarythe CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Fig. 1. Schematic of the range of effects thatmay follow fromgas generation in a repository
(Rodwell et al., 2003).
25M. Fall et al. / Engineering Geology 176 (2014) 24–44rock) is a complex phenomenon. Gas migration in porous media is
governed by the coupling between several processes such as mechani-
cal (e.g., stress, deformation, damage) and hydrological (e.g., ﬂow of
water, gas ﬂow, pore ﬂuid pressure, phase change) processes. At the
time of writing however, only a few modeling studies (e.g., Lege and
Shao, 1996; Ortiz et al., 1996; Alonso et al., 2006; Du et al., 2006;
Gerard et al., 2008) were conducted to develop mathematical and/or
numerical models that can capture the main physical processes associ-
ated with gas migration in sedimentary rocks, and are able to predict
gas migration and its impacts on the host sedimentary rock. Further-
more, many of the previous modeling research (e.g., Ortiz et al., 1996;
Gerard et al., 2008) didn't consider the interplay between hydraulic
and mechanical processes (e.g., stress, deformation, dilatancy, damage)
ormostly dealtwith uncoupled processes (e.g., two phase ﬂow).Model-
ing gas migration in host sedimentary rock requires the introduction of
mathematical formulations that allow the consideration of coupled
hydro-mechanical processes as mentioned above.
The objectives of the present paper are:
– To develop a fully coupled hydro-mechanical (HM) model for
predicting the gas migration in initially unfractured sedimentary
host rock. A hydro-poroelastic-damage model should be developed.
The proposed mechanical model will be formulated within the
framework of poroelasticity and continuum damage mechanics.
Key features relevant for gas migration in host sedimentary rocks
will be taken into account in the HMmodel, in particular the elastic
degradation due tomicrocracks, coupling between permeability and
induced damage, coupling between capillary pressure and induced
damage, coupling between diffusion coefﬁcient and induced dam-
age, coupling between tortuosity and rock deformation and damage,
inﬂuence of rock deformation on permeability, capillary pressure
and diffusion coefﬁcient, as well as variation of porosity with stress,
deformation and induced damage;
– To verify the adequacy of the HM model against laboratory and in
situ gas injection tests performed on a potential host sedimentary
rock for nuclear;
– Tomodel and simulate the key physical phenomena associated with
gas migration in sedimentary rocks at laboratory and ﬁeld experi-
ment scale in order to better understand the mechanisms of gas
migration in sedimentary rock and its effects on the rock integrity.
The paper will be organized as follows. The mathematical formula-
tion of a coupled HM model of gas migration in damage-susceptibleporous media is presented in the next section. This is followed by its
veriﬁcation and application in the simulation of gas injection laboratory
and in situ experiments in Opalinus clay, from Mont Terri, Switzerland.
2. Mathematical formulation of the coupled hydro-mechanicalmodel
2.1. Basis of the mathematical formulations and general assumptions
For modeling purposes of the porous medium (host sedimentary
rock), we will adopt a continuum approach, in which a representative
elementary volume (REV) around any mathematical point considered
in the domain always contains both solid and ﬂuid phases, and classical
mass balance laws of continuum mechanics hold for each phase. The
total volume of the medium is given by:
V ¼ Vs þ Vv ð1Þ
where V represents the total volume; Vs refers to the solid volume; and
Vv refers to the void spaces occupied by the ﬂuids (gas, liquid).
Since the porous medium is made of three phases (solid, s; liquid, l;
and gas, g), it can be written that
V ¼ Vs þ Vl þ Vg ð2Þ
M ¼ Ms þMl þMg ð3Þ
where Vl, and Vg refer to the volumes of the liquid (water) and gas; and
M,Ms,Ml andMg are the totalmass of themedium, themass of the solid,
liquid and gas, respectively.
The governing equations of themodel result from a combination of a
set of conservation and constitutive equations. The conservation equa-
tions include: (i) momentum and (ii) mass equations. The fundamental
macroscopic conservation of an extensive thermodynamic property
(e.g., mass, momentum) is applied here to derive those balance or con-
servation equations as described below. Themacroscopic balance equa-
tion of any thermodynamic property in a continuum can be expressed
in the following general form (Bear, 1972).
∂
∂tM
κ
π þ∇  jκπ
 
− fκπ ¼ 0 ð4Þ
where the quantity Mπκ can refer to the mass or energy per unit volume
of the porousmedium,with κ themass components (air, water or solid)
or “heat component”, and π the phases (gas, liquid or solid). jπκ is the
total ﬂux (vector) with respect to a ﬁxed reference system, and fπκ is
the rate of the production/removal of component κ per unit volume.
To develop the governing equations, the following main assump-
tions are made:
(i) the porous medium includes three constituents: a solid and two
ﬂuids (water, gas). These constituents are considered as three
independent overlapping continua in the context of the theory
of mixtures (e.g., Goodman and Cowin, 1972; Morland, 1972;
Atkin and Craine, 1976; Bowen, 1976, 1982; Hassanizadeh and
Gray, 1979, 1980, 1990; Sampaio and Williams, 1979; Passman
et al., 1984; Rajagopal and Tao, 1995). Water is a wetting ﬂuid,
whereas gas is not. The voids of the solid skeleton are partially
ﬁlled with liquid water, and partially with gas;
(ii) the three constituents are distributed in the three phases asmen-
tioned above. The gas phase is considered as an ideal gasmixture
composed of dry air (gas generated by the repository is assumed
to have the same properties as air and would be indistinguish-
able from it, ga index) and water vapor (gw index; it is entering
the repository from the host rock). The vapor is transported
within the gas phase by non-advective and advective ﬂuxes.
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the ﬂuid contained in its pores. The only reaction that can occur
in the porous medium is a change of phase from liquid to
vapor. The liquid phase consists of water and dissolved gas (air);
(iii) deformations are small and strains are inﬁnitesimal with regard
to the mechanical response.
(iv) Isothermal conditions are considered; this is because the main
focus of the present paper is the gas generated by LLW and
ILW. The variation of the temperature generated by low-level
waste (LLW) and intermediate-level waste (ILW) is commonly
low.
2.2. Mechanical response
Based on a poroelasticity framework, an isothermal poroelastic
model is developed to describe the mechanical behavior of the sedi-
mentary rock in the DGR. To describe the solid deformation in unsatu-
rated porous media, consider a representative elementary volume of
an unsaturated bulk porous medium subjected to external stress, σij.
The linear momentum balance equation for the whole mixture,
neglecting inertial effects and in case the body loads come solely from
gravity, can be written as:
∇ σþ ρg ¼ 0 ð5Þ
where σ is the total stress tensor (positive for tension), g is a vector for
the acceleration that results from the gravity, and ρ is the average den-
sity of the mixture.
ρ ¼ 1−ϕð Þρs þ ϕSlρl þ ϕSgρg ð6Þ
where ϕ is the porosity, ρs the density of the solid, ρl the density of the
liquid (water), and ρg the density of the gas. Sl and Sg are the degrees of
saturation for water and gas. The respective degrees of saturation, Sl and
Sg, sum to one.
Sl þ Sg ¼ 1 ð7Þ
Neglecting the inertial terms, the momentum equation can be also
written as:
∂σ ij
∂xj
þ Fi ¼ 0 ð8Þ
where Fi represents the supply of momentum by the body forces
(Fi = ρgi), and σij refers to the external (total) stresses.
Assuming that tensile stresses and pore ﬂuid pressures are positive
in the following and considering the Bishop's principle for effective
stress, the total stress in an incremental form can be given by:
dσ ij ¼ dσ 0ij−αdpδij ð9Þ
where σij′ is the effective stress,α (0 bα≤ 1) is the Biot's coefﬁcient
(α ¼ 1− KDKs ≤1, where KD and Ks are the bulk modulus of the porous
medium and solid phase, respectively) which allows accounting for
the volumetric deformability of the particles, δij is the Kronecker's
delta, and p is an average pore pressure, which depends on gas and liq-
uid pressures. The ratio KD/Ks is usually in the range 0.4–0.7 for saturat-
ed rocks and concrete (Skempton, 1961); for soils, α ≈ 1. It can be
noticed that values of α≠ 1 reduce to the coupling effects between
the solid skeleton and the ﬂuids. The Biot's coefﬁcient can be deter-
mined experimentally using hydrostatic compression tests on saturated
rock samples (Nur and Byerlee, 1971; Schmitt and Zoback, 1989;
Detournay and Cheng, 1993; Fabre and Gustkiewicz, 1997). It should
be emphasized that the Biot's coefﬁcient could be affected by the liquid
saturation degree or capillary pressure. However, due to the paucity orlack of sufﬁcient experimental evidences and data to accurately identify
and capture the effect of the capillary pressure on the Biot's coefﬁcient,
this effect has been commonly ignored in most of the previous studies
(e.g., Rutqvist and Tsang, 2002; Da Silva Ramos et al., 2008). Thus, tak-
ing into account the facts mentioned above and the uncertainties on
the evolution of the Biot's coefﬁcientwith the capillary pressure, the po-
tential effect of the capillary pressure on the Biot's coefﬁcient is ignored
in the present study. The average pressure in Eq. (9) can be evaluated by
using the following equation (Bear and Bachmat, 1991).
p ¼ Slpl þ Sgpg ¼ Slpl þ 1−Slð Þpg ð10Þ
It should bementioned that the validation of effective stress concept
is questioned in certain situations by some researchers. For example,
Jennings and Burland (1962) were among the ﬁrst ones to question
the validity of the effective stress relationmentioned above. They stated
that this effective stress concept cannot describe the collapse phenom-
enon in unsaturated soils. However, later interpretation of experimental
results demonstrated that the collapse phenomenon in unsaturated
soils is related to plastic behavioral mechanism (Nuth and Laloui,
2008). These experimental evidences showed that the arguments
against the effective stress were misleading, in the sense that they
attributed the limitations to the stress itself instead of judging the inad-
equacy of the whole reversible context (Nuth and Laloui, 2008). Fur-
thermore, the effective stress concept is now largely used in cohesive
materials like rocks and concrete due to the simplicity of formulation
and the clear thermodynamic justiﬁcation. A main advantage of using
the effective stress is that the deformation of the system can fully be
expressed in terms of a single “effective” stress variable rather than
two or three independent stress variables. This signiﬁcantly simpliﬁes
the deformation model, and thus reduces the model parameters (Loret
and Khalili, 2000, 2002).
For an isotropic and elastic porous medium, the stress–strain rela-
tionship can be written based on Lamé constants, G and λ, as follows:
σ ij ¼ 2Gεij þ λεkkδij ð11Þ
where εij is the skeleton strain, and G is the shear modulus (Pa)
expressed as:
G ¼ E
2 1þ vð Þ ;
and
λ ¼ Ev
1þ vð Þ 1−2vð Þ
where E is the elastic modulus and v is Poisson's ratio. δij is the
Kronecker delta tensor deﬁned as 1 for i= j and 0 for i≠ j.
Eqs. (9) and (11) result in
dσ ij ¼ 2Gεij þ λεkkδij−αdpδij: ð12Þ
Under the basic assumption of inﬁnitesimal strain, the relation be-
tween the strain and displacement in continuum mechanics is usually
deﬁned as:
dεij ¼
1
2
∂ui
∂xi
þ ∂uj∂xi
 !
ð13Þ
where ui denotes the displacements of the solid skeleton.
Combining Eqs. (8), (11) and (12) yields
G
∂2ui
∂xj∂xj
þ λþ Gð Þ ∂
2uj
∂xi∂xj
−α ∂p∂xi
þ dFi ¼ 0: ð14Þ
Fig. 2. Elastic damage constitutive law for elements under uniaxial compressive stress and
tensile stress (Tang et al., 2002).
27M. Fall et al. / Engineering Geology 176 (2014) 24–44Eq. (14) is the differential equation that governs the deformation phe-
nomenon in unsaturated sedimentary rock under a combination of
changes in applied stresses and ﬂuid pressures.
2.2.1. Effect of damage
At a certain level of mechanical load or pressure of the gas generated
within the DGR, microcracks can be generated within the sedimentary
host rock. The generation of microcracks, and their growth and coales-
cence into macroscopic cracks, generally result in the deterioration of
the sedimentary rock (rock mechanical damage) such as the decrease
of strength, rigidity, toughness, stability and residual life. To account
for these deterioration processes, we introduce a mechanical damage
variable, D (0 ≤ D ≤ 1), to the mechanical constitutive model of the
host rock. The concept of a damage variable was ﬁrst proposed by
Kachanov (1958) and then further developed by several authors such
as Lemaitre (1971), Lemaitre and Chaboche (1990), Voyiadjis and
Venson (1995) and Krajcinovic (1996). The damage variable is amacro-
scopic measurement of themicroscopic degradation of a representative
volume element (REV). Kachanov considered the damage in a cross sec-
tion to bemeasured by a relative area of voids. Thus, his theory deﬁnes a
‘modiﬁed effective stress’ eσ and takes into account the damage D as a
parameter,measuring the reduction of resistant area due to crack begin-
ning and spreading (Mazars, 1984, 1986; Mazars and Pijaudier-Cabot,
1989).
eσ ¼ σ AeA ¼ σ1−D ð15Þ
where A is the resistant area of the uncracked rock, whereas eA is the
resistant area of the damaged rock. It should be emphasized that the
meaning of modiﬁed effective stress is different from that of Eq. (9).
The effective stress in Eq. (15) has to be introduced into Eq. (9)eσ ij ¼ σ ij1−D  and the subsequent equations.
The damage parameter, D, is determined according to the approach
proposed by Tang et al. (2002). According to this model, the strain–
stress behavior can be divided into an elastic phase and a damage
phase. In the elastic linear phase, there is no damage in the rock or irre-
versible damages will not occur under loading or unloading conditions,
whereas the rock starts to fail by crack generation and void-growth
when the stress conditions attain a failure level, i.e. they satisfy the fail-
ure criterion. According to continuum elastic-damage mechanics, the
elastic modulus of the rock may progressively degrade as damage
grows or rock degradation progress, and the elastic modulus of the
damaged element is deﬁned as follows:
E ¼ 1−Dð ÞE0 ð16Þ
where E and E0 are the elastic modulus of the damaged and undamaged
elements, respectively. It should be emphasized that since the element
and its damage are assumed to be isotropic and elastic, E, E0, and D
are all scalar.
The host rock for a DGR is predominantly subjected to compressive
loads initially, but due to excavation, tensile stresses can form in the
vicinity of the openings in speciﬁc zones. Rock behaves differently in
tension and compression loadings. The damaging mechanisms are dif-
ferent in compression and traction. To account for such a difference,
two damage parameters, Dt and Dc, are introduced which correspond
to the cases of tension and compression (Tang et al., 2002) as explained
below.
According to Tang et al. (2002),when the tensile stress in anelement
attains its tensile strength ft, that is:
σ3≤ f t ð17Þ(i.e. the minimum principal stress exceeds or is equal to the tensile
strength of the element) the damage variable can be deﬁned as:
D ¼
0 εto≤ε
l− f tr
E0ε
εtu≤ε≤εto
1 ε≤εtu
8><>: ð18Þ
where ftr represents the residual tensile strength, ε is the strain (Tang
et al., 2002). The deﬁnition of the other parameters given in Eq. (18) is
described in Fig. 2.
To describe the parameter damage under a compressive or shear
stress condition, Tang et al. (2002) selected the Mohr–Coulomb criteri-
on as the second damage criterion, that is:
F ¼ σ1−σ3
1þ sinφ
1− sinφ ≥ f c ð19Þ
where φ is the friction angle and fc is the uniaxial compressive strength.
The damage variable under uniaxial compression is described as:
D ¼
0 ε≤εco
1− f cr
E0ε
εco≤ε
8<: ð20Þ
where fcr is the residual compressive strength.
Tang et al. (2002) stated that: “when Eqs. (18)–(20) are extended to
three dimensional cases, we can use principal strain ε3 to replace the
tensile strain ε in Eq. (18); ε1 to replace the tensile strain ε in
Eq. (20).”
In multiaxial stress cases, the damage variable is deﬁned as a combi-
nation of Dt and Dc as:
D ¼ ξcDc þ ξtDt; ð21Þ
in which ξC and ξt are parameters determined from the state of stress.
The parameters are given in the original work of Mazars (1984, 1986).
2.3. Solid mass conservation equations
By applying the co-moving time derivative to track the motion of a
solid particle along its trajectory, expressed as:
D
Dt
ð Þ ¼ ∂∂t ð Þ þ vs ∇ ð Þ ð22Þ
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ϕπ ¼ Vπ
V
; ð23Þ
the partial or apparent mass density as:
ρπ ¼ Mπ
V
ð24Þ
with the following constraints:
ϕs þ ϕl þ ϕg ¼ 1; ρs þ ρl þ ρg ¼ ρ ¼ M
V
; ð25Þ
the general mass balance equation of each phase (Eq. (4)) can be writ-
ten in the following general form:
−∇  ρπνπr
 
¼ ρπ
Dϕπ
Dt
þ ϕπ Dρπ
Dt
þ ρπϕπ∇  vs− f κπ ð26Þ
where vπr ≡ ϕπvπr the apparent velocity vector of phase π, with vπr =
vπ − vs the intrinsic velocity vector of phase π relative to the solid
skeleton, and vs is the velocity vector of the solid phase.
The mass balance equation of the solid phase is expressed as:
∂Ms
∂t þ∇  Msvð Þ ¼ 0 ð27Þ
by introducing the following deﬁnition of solid mass Ms (per unit
volume of porous medium),
Ms ¼ 1−ϕð Þρs ð28Þ
where ϕ is the porosity of the sedimentary rock, ρs the density of
the solid, the Eulerian form of the mass balance equation of the solid
phase can be written as:
∂ 1−ϕð Þρsð Þ
∂t þ∇  1−ϕð Þρsvsð Þ ¼ 0: ð29Þ
Considering that ϕs = 1− ϕ according to Eq. (26), themass balance
equation of the solid can be expressed as follows:
D 1−ϕð Þ
Dt
þ 1−ϕð Þ
ρs
Dρs
Dt
þ 1−ϕð Þ∇  vs ¼ 0: ð30Þ
For isothermal conditions, intrinsic density ρs can be expressed in
terms of ﬂuid pressure and volumetric strain by using the following
equation (Rutqvist et al., 2001):
1−ϕð Þ
ρs
Dρs
Dt
¼− 1−αð ÞDεv
Dt
þ α−ϕð Þ
Ks
DP
Dt
ð31Þ
where εv is the volumetric strain,α the Biot's coefﬁcient, and Ks the bulk
modulus of the solid grains.
∇ ⋅ vs can bewritten in terms of skeleton volume strain εv (Bear and
Bachmat, 1991):
∇  vs ¼
Dεv
Dt
≅∂εv∂t ; ∇  εv≪
∂εv
∂t : ð32Þ
Thus, considering the above assumptions and combining Eqs. (30)
and (31), we can write
∂ϕ
∂t − α−ϕð Þ
∂εv
∂t þ
1
Ks
∂p
∂t
 
¼ 0: ð33Þ2.4. Liquid ﬂow model
2.4.1. Liquid ﬂow equations
The most common method to model liquid ﬂow in an unsaturated
porous medium is to combine a linear momentum balance equation
for the liquid phase with the mass balance equation of the ﬂuid
(Khalili and Loret, 2001). Neglecting the inertial and viscous effects,
the relative apparent velocity of the liquid phase (water), which
includes a pressure driving component, can be written as:
νlr ¼ ϕSlνrl ¼ ϕSl νl−νsð Þ
νlr ¼− krlk
μ l
∇pl þ ρlgð Þ
ð34Þ
where ϕ is the porosity, Sl refers to the liquid saturation degree, the ﬁrst
term of Eq. (34) represents the contribution of advection through con-
sideration of the multiphase extension of Darcy's law for relative per-
meability (krl), k is the intrinsic permeability vector, μl is the dynamic
viscosity of the liquid, ρl is thedensity of the liquid and g the gravitation-
al acceleration vector.
The dynamic viscosity of the liquid water μl [Pa s] strongly depends
on the temperature and can be evaluated, with sufﬁcient accuracy in a
wide temperature range, by using the following relation (Thomas and
Sansom, 1995).
μ l ¼ 0:6612 T−229ð Þ−1:562 ð36Þ
and T is the absolute temperature.
Neglecting the inﬂuence of osmotic suction (studies have shown
that osmotic suction has negligible inﬂuence on gas transport,
e.g., Shaw, 2013; Villar and Shaw, 2013), and adsorbed liquid water,
the degree of liquid saturation Sl is assumed to dependon capillary pres-
sure Pc, and the following relations apply:
Sl ¼ Sl Pcð Þ ð37Þ
Pc ¼ Pg−Pl ð38Þ
Sg ¼ 1−Sl: ð39Þ
We can write
dSl ¼ CSpd pg−pl
 
ð40Þ
where pl, pg and Sg are the liquid water pressure, total gas pressure and
gas saturation degree, respectively.
CSp ¼
∂Sl
∂s ð41Þ
From Eq. (41), which represents the isothermal liquid water capaci-
ties, it is shown that the water degree of saturation Sl is affected by suc-
tion (s). CSp is obtained from the water retention curve (s = pg− pl).
Considering that the volume fractions of the different phases of the
porous medium are linked through the following relations:
ϕs ¼ 1−ϕ; ϕl ¼ ϕSl; ϕg ¼ ϕ 1−Slð Þ; ð42Þ
and introducing Eq. (42) into Eq. (26), the liquid mass conservation
equation can be expressed as follows:
−∇  ρlνlr
 
¼ ρl
D ϕSlð Þ
Dt
þ ϕSl
Dρl
Dt
þ ρlϕSl∇  vs þ Qlgπ : ð43Þ
Fig. 3. High-pressure triaxial cell used for the gas injection tests (Popp et al, 2008).
29M. Fall et al. / Engineering Geology 176 (2014) 24–44In Eq. (43), Qπlg represents an evaporation–condensation term for
water mass exchange between the gas and the liquid phase (negative
for condensation and positive for vaporization). Mechanisms of inter-
phase mass transfer for the water component include evaporation into
the gas phase and corresponding condensation of the water vapor
from the gas phase. The evaporation–condensation term can be com-
puted by using Dalton's law (Marshall and Holmes, 1988) as follows:
Qlgπ ¼ ω psgw−pgw
 
ð44Þ
where ω (ω N 0) is the liquid transfer coefﬁcient, pgw is the vapor
pressure, and psgw is the saturated vapor pressure. The liquid phase
transfer coefﬁcient in a porous media can determined from the follow-
ing relation (Chen et al., 2009, 2010):
ω ¼ C
ρl
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2πRgwT
s
¼ 0:01856 C
ρl
ﬃﬃﬃ
T
p ð45Þ
where the unit ofω is m s/kg, Rgw is the speciﬁc constant of vapor and T
the absolute temperature. Symbol C refers to the accommodation coef-
ﬁcient (set to 0.00002 in this study), bywhich Eq. (45) is used to express
the intensity of phase transfer over a unit volume.
In Eq. (44), psgw can be calculated by using Kelvin's law (Stallman,
1964):
psgw ¼ psvo exp
−PcMl
ρlRT
 
ð46Þ
whereMl refers to themolecular mass of liquid (=18 g/mol for water),
R (=8.134 J/mol/K) represents the universal gas constant, Pc is the
capillary pressure, and psvo which depends on temperature only, is the
saturated vapor pressure in contactwith the liquid over a planar surface.
This saturated vapor pressure can be obtained by using the empirical
vapor pressure data available in the literature (e.g. Maidment, 1992)
or computed based on the Clausius–Clayperon equation (e.g. Tong
et al., 2010) as:
psvo ¼ 101;325  exp −4895:36
1
T
 
− 1
373
 	 
 
: ð47Þ
Substituting Eq. (47) into Eq. (46) yields
psgw ¼ 101;325  exp −4895:36
1
T
− 1
373
 
−0:002165 Pc
ρlT
	 

: ð48Þ
As small deformations are assumed, to further simplify the formula-
tion of the mass balance equation of the liquid water (Eq. (43)), the
following small strain approximations can be made:
∇  vs ¼
Dεv
Dt
ð49Þ
D :ð Þ
Dt
¼ ∂ :ð Þ∂t : ð50Þ
In Eq. (49), we introduced the volume strain εv =∇ · u in terms of
the divergence of the displacement vector (u).
Assuming that the liquid water is a barotropic ﬂuid, the following
relationships thus apply:
ρl ¼ ρl plð Þ ð51Þ
1
ρl
dρl ¼ Clpdpl ð52Þin which Clp ¼ 1ρl
∂ρl
∂pl
is the coefﬁcients of compression for the liquid
water. The following formula will be used here to compute the depen-
dence of the liquid water density upon its temperature and pressure
(Chen et al., 2010):
ρl ¼
ρIT
1−Clp pl−pl0ð Þ
ð53Þ
where the compressibility of the water Clp is assumed to be constant
and equal to 0.465 GPa−1, and p10 represents a reference water pres-
sure, which can take 0 or one atmosphere pressure (Chen et al., 2010).
ρIT is the density of water under a constant pressure; the following rela-
tion (Tong et al., 2010) will be used to calculate the density of water in
the following temperature range (0.01–350 °C).
ρlT ¼ 1000:066219þ 0:020229T−0:00602137T2 þ 0:0000163T3; ð54Þ
where ρIT is the density at atmospheric pressure in units of kg/m3, and T
is the temperature in °C.
Considering Eqs. (49) and (50), and substituting Eqs. (34), (40) and
(52) into Eq. (43), the differential equation that governs isothermal
liquid ﬂow through the unsaturated porous medium becomes:
∇  ρl
krlk
μ l
∇pl þ ρlgð Þ
	 

¼ ρlϕSl
∂εv
∂t þ ϕρl Slclp−cSp
  ∂pl
∂t þ ρlϕcSp
∂pg
∂t þ ρlSl
∂ϕ
∂t þ Q
lg
π :
ð55Þ
2.4.2. Intrinsic permeability and relative permeability, capillary pressure
2.4.2.1. Intrinsic permeability. Intrinsic permeability (tensor k) depends
on the pore structure (volume of pores, distribution of pores, cracks)
of the porous medium. Since, sedimentary rock deforms due to stress
in a DGR, the pore structure of rock can change. Thus, intrinsic perme-
ability is a function of deformation, i.e., in terms of the independent var-
iables, a function of displacements. In this paper, to take into account the
effect of deformation on permeability, intrinsic permeability is approx-
imated as a function of the total porosity of the rock (ϕ) by using the fol-
lowing relationships (modiﬁed from Davis and Davis, 1999; Rutqvist
and Tsang, 2002).
Table 1
Material properties for the validation model (constant conﬁnement pressure).
Parameters Unit Value
Initial permeability [m2] 9.5 × 10−19
kmax permeability (at damage max. Dkmax = 0.3) [m2] 2.75 × 10−18
Initial porosity [–] 0.16
Initial saturation [%] 90
Residual saturation (%) [%] 0
Modulus of elasticity [GPa] 10
Poisson ratio [–] 0.27
van Genuchten's parameters
M 0.5
α m−1 0.1
Damage equation parameters
Strain εto 0.9 × 10−4
Residual tensile strength [MPa] 0.8
Strain εco 7.2 × 10−4
Friction angle [°] 24
Cohesion [MPa] 7
fc is the uniaxial compressive strength [MPa] 12
fcr is the residual compressive strength. [MPa] 3.0
ft represents the tensile strength [MPa] 2.5
Permeability vs porosity ﬁtting constant (A) [–] 200
Fig. 4. Gas injection pressure versus time (pp) and constant conﬁnement pressure (pc) vs
out-ﬂow rate variation (q) (Popp, 2006).
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ϕ
ϕ0
−1
 	 

ð56Þ
where k0 is the initial (zero stress) intrinsic permeability, and ϕ0 the
initial porosity, A is an empirical (calibration) factor that has to be deter-
mined from laboratory tests.
Besides the aforementioned deformation, mechanical damage can
result in the generation and propagation of cracks within sedimentary
rocks leading to a change in their pore structure. This damage effect
on intrinsic permeability should also be considered. Thus, an additional
constitutive relationship will be needed to capture the damage induced
evolution of rock permeability. There are somewell-knownmodels that
describe the relationships between damage and permeability changes
(e.g., Gawin et al., 2001; Souley et al., 2001; Tang et al., 2002). In this
study, based on the approach proposed by Meschke and Grasberger
(2003), the following relation is used to estimate the permeability of
the damaged sedimentary rock:
k ¼ kUD þ kD ð57Þ
where kUD is the permeability of the undamaged rock,where kD (isotropic
damage permeability) is the damage enhanced permeability, which0
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Fig. 5. Gas injection pressure versus time (pp) and evolutive conreﬂects the increase in permeability that is induced by damage. Thus,
thepermeability of the damagedmedium is based on the additive decom-
position of the permeability into two parts, kUD and kD where
kUD ¼ k0 exp A
ϕ
ϕ0
−1
 	 

: ð58Þ
Using available experimental data (Alnajim, 2004) with regard to
the permeability vs mechanical damage and a phase transition
approach (Kadanoff, 1966), Eq. (59) was formulated to capture the
damage induced increase in permeability:
kD ¼
D
Dkmax
kmax−kUDð Þ ð59Þ
where kmax is the maximum permeability of the damaged sedimentary
rock, Dkmax is the rock damage value that corresponds to kmax; Dkmax and
kmax should be determined experimentally for the rock studied.1E-19
1E-18
1E-17
1E-16
pe
rm
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bi
lit
y 
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2 )
(s)
injection pressure (bar)
flow rate
confining pressure (MPa)
permeability
6000 8000 10000
ﬁnement pressure (pc) vs out-ﬂow rate (q) (Popp, 2006).
Fig. 6. Gas boundary conditions.
Fig. 7. Liquid and mechanical boundary conditions.
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scribe the effect of deformation and damage on intrinsic permeability:
k ¼ k0 exp A
ϕ
ϕ0
−1
 	 

þ D
Dkmax
kmax−k0 exp A
ϕ
ϕ0
−1
 	 
 
: ð60Þ
2.4.2.2. Water retention curve and relative permeability. In this study, the
relation between liquid saturation degree Sl and capillary pressure
(Pc = pg − pl) is expressed by (van Genuchten, 1980; Gerard et al.,
2008):
Sl ¼ Sres þ
Smax−Sres
1þ PcPr
 nh im ð60Þ
where Sl is the liquid saturation, Smax the maximal saturation, Sres is the
residual saturation, n andm are the coefﬁcients of van Genuchten's law
with m ¼ 1− 1n and Pc/pr is quantitatively equivalent to αhc originally
proposed by van Genuchten (1980), where hc is the capillary pressure
head deﬁned as Pc/ΓW. The capillary pressure head function is given by
hc ¼ 1α 1−S−1=me
  1−mð Þ
. The relation 60 is a function of the pore struc-
ture of the porous medium. This means rock deformation will have an
effect on the water retention curve. The Leverett function (Leverett J
function) (Leverett, 1941) is used in this study to take into account the
variations of the porosity (induced by stress) in the water retention
curve.
Pc ¼ Pc0 Slð Þ
ﬃﬃﬃﬃﬃﬃﬃﬃ
k=ϕ3
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k0=ϕ0
3
p ! ð61Þ
The relative permeability of the liquid phase was assumed to be
given as such by Nuth and Laloui (2008):
krl ¼ Slð Þ1=2 1− 1−S1=ml
 mh i2 ð62Þ
where krl is the relative permeability of the liquid phase (water), Sl is the
liquid saturation degree. It should be emphasized that the relative per-
meability given by Eq. (62) is non-hysteretic; effects of hysteresis on the
relative permeability functions will be explored in the future.
2.5. Gas ﬂow model
2.5.1. Gas ﬂow equations
The gas phase within the pores of the sedimentary host rock is con-
sidered to be a binary mixture of two ideal gases, dry gas (dry air) and
water vapor. Dry air may dissolve into liquid water. It is assumed that
the mixture of gases obeys the ideal gas law and Dalton's law. Thus,
for all the gaseous constituents, i.e. dry air (ga), water vapor (gw) and
gas (moist air, g), the Clapeyron equation of the state of perfect gases is:
pga ¼
ρgaTR
Ma
¼ ρgaRgaT ð63Þ
pgw ¼
ρgwTR
Mw
¼ ρgwRgwT ð64Þ
Pg ¼
ρgTR
Mg
¼ ρgRgT ð65Þ
and Dalton's law is
pg ¼ pga þ pgw ð66Þwhere R is the universal gas constant;Mg the molecular mass of the gas
mixture, T is the absolute temperature, pga is the partial dry air pressure,
Rga is the speciﬁc gas constant for dry air, and pg is the absolute gas
pressure.
The molecular mass of the gas mixturesMg satisﬁes
ρg
Mg
¼ ρga
Mga
þ ρgw
Mgw
ð67Þ
where ρg, ρgw and ρga are the densities of the gas, water vapor and dry
air, respectively.
To satisfy the conservation of mass for the gas phase, the gas mass
conservation equation is written according to Eqs. (26) and (42) as
follows.
−∇  ρgνgr
 
¼ ρg
D ϕ 1−Slð Þ½ 
Dt
þ ϕ 1−Slð Þ
Dρg
Dt
þ ρgϕ 1−Slð Þ∇  vs þ Qlgπ
ð68Þ
Fig. 8. Comparison between the predicted and experimental gas ﬂow rate (constant conﬁnement pressure, Pc0 = 3 MPa).
32 M. Fall et al. / Engineering Geology 176 (2014) 24–44where vgr is the relative apparent velocity vector of the mixture of dry
air and water vapor with respect to the deforming solid, Qπlg represents
an evaporation–condensation term for water mass exchange between
the gas and liquid phase (negative for condensation and positive for
vaporization), and ρg is the gas density, which satisﬁes
ρg ¼ ρga þ ρgw:
Themass averaged advective velocity of the air–vapormixture (gas)
with respect to themoving solid is due to both pressure gradients. Thus,
the relative apparent velocity of the gas can be expressed as:
νgr ¼ ϕ 1−Slð Þνrg ¼−
krgk
μg
∇pg þ ρgg
 
ð69Þ
where k is the intrinsic permeability, μg is the viscosity of gas, krg is the
gas relative permeability, ρg is the density of gas, and g is the gravita-
tional acceleration vector.Fig. 9. Comparison between the predicted and experimenSince the air–vapor mixture is considered as an ideal gas, its density
can be expressed as follows.
ρg ¼
pgMg
TR
¼ pg
RgT
ð70Þ
For isothermal conditions, the derivative of Eq. (70) allows us towrite
1
ρg
dρg ¼
1
pg
dpg ¼ Cgpdpg ð71Þ
in which Cgp (1/pg) represents the coefﬁcients of compressibility of the
gas mixture.
Neglecting the effect of pressure changes on dynamic viscosity, the
dynamic viscosity (μg) of the gas mixture is computed by using
Sutherland's formula (Crane Co, 1988):
μg ¼ μ0
0:999T0 þ c
0:999T þ c
T
T0
 1:5
: ð72Þtal gas ﬂow rate (increased conﬁnement pressure).
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and μg is in Pa s.
Since dry air is a component of the gas phase, the dissolved air in the
water should be taken into account in the gas ﬂow model. Henry's law
allows us to determine the volume of air present in the liquid water.
Thus, by using Henry's law to take into account the dissolved air in the
pore water, according to Eqs. (26) and (42), the conservation of dry
air ﬂow dictates that
−∇  ρaHνlr
 
¼ ρa
D HϕSlð Þ
Dt
þ HϕSl
Dρa
Dt
þ ρaHϕSl∇  vs ð73Þ
where H is Henry's coefﬁcient of solubility of gas in liquid deﬁned by
Henry's law.
Henry's law determines air concentration as (Sander, 2010):
MaH tð Þpan ¼ pal ð74Þ
where Ma is molar mass of air, H is the solubility coefﬁcient of the air
(gas) in water and pna is the partial pressure of air in the non-wetting
phase. Concentration (Cla) will be deﬁned (mol/m3) by:
Cal ¼ H tð ÞPag ¼
Pal
Ma
: ð75Þ
For air, we have Ma = 2 g/mol and H(t) = 20.65 ×
10−6 mol·Pa−1·m−3. Taking into account the fact that the dry air is
mainly made of oxygen and nitrogen, Henry's coefﬁcient of solubilityPr
e
ss
u
re
 
(P
a
)
Time = 6000s Max = 3.49e6
Min = 9.983e4
Fig. 10. Simulated evolution of the spatof gas in liquid water can be given by the superposition of solubility of
nitrogen and oxygen (Chen et al. 2010):
H ¼
(
8:2115 10−5 exp 1700 1
T
− 1
298
 	 

þ 1:34857
10−4 exp 1700 1
T
− 1
298
 	 
)
pg−pgw
  ð76Þ
where the units of gas pressure pg and vapor pressure pgw are in MPa,
and T is the absolute temperature.
Dry air is considered as an ideal gas ρga ¼ PgaMgaTR ¼ PgaRgaT
 
and Dalton's
law applies. Noticing Eq. (66) and following the same procedure in
Eq. (71), for isothermal conditions we can write:
1
ρga
dρga ¼
1
Pga
dPga ¼ CgapdPga ð77Þ
in which Cgap represents the coefﬁcient of compressibility of the dry gas
mixture.
Thus, the mass conservation equation of the gas is given by the
following equation.
∇: ρg
krgk
μg
∇pg þ ρgaH
krlk
μ l
∇pl þ ρlgð Þ
" #
¼ ϕ ρg 1−Slð Þ þ ρgaHSl
h i ∂εv
∂t
þϕ ρg−ρgaH
 
cSp
∂pl
∂t −ρgaHϕSlcgap
∂pgw
∂t
þϕ ρg 1−Slð Þcgp þ ρgaHSlcgap− ρg−ρgaH
 
cSp
h i ∂Pg
∂t
þ ρg 1−Slð Þ þ ρgaHSl
h i ∂ϕ
∂t þ Q
lg
π :
ð78ÞPr
es
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re
 (P
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Max = 3.49e6
Min = 9.983e4
ial distribution of the gas pressure.
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∇  ρg
krgk
μg
∇pg
" #
¼ ϕ ρg 1−Slð Þ þ ρgaHSl
h i ∂εv
∂t
þϕ ρg−ρgaH
 
cSp
∂pl
∂t −ρgaHϕSlcgap
∂pgw
∂t
þϕ ρg 1−Slð Þcgp þ ρgaHSlcgap− ρg−ρgaH
 
cSp
h i ∂Pg
∂t
þ ρg 1−Slð Þ þ ρgaHSl
h i ∂ϕ
∂t þ Q
lg
π−∇  ρgaH
krlk
μ l
∇pl þ ρlgð Þ
	 

:
ð79Þ
2.5.2. Additional constitutive relationships and parameters
2.5.2.1. Water retention and relative permeability. The gas relative perme-
ability of sedimentary rock (krg), similarly as for most porous materials,
could be described based on the van Genuchten–Mualem model as:
krg ¼ 1−Slð Þ1=2 1−S1=ml
h i2m
: ð80Þ
Variations in the pore structure could be also caused by damage of
the rock. Hence, the effects of damage should be inserted into a Leverett
function. This is done in this study by using the Leverett function. The
following function is used.
pc ¼ pc0 Slð Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k
.
ϕ
3
r
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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.
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Fig. 11. Computed evolution of the spatial distributiowhereϕ* is the porosity of the damaged rock. This porosityϕ* is deﬁned
as the sum of the total porosity of the undamaged material ϕ, and
damage-induced mechanical porosity ϕD due to the opening of micro-
cracks.
ϕ ¼ ϕþ ϕD ð82Þ
Damage-induced mechanical porosity ϕD is obtained bymultiplying
the scalar damage parameter D by the volume fraction of the skeleton
1− ϕ0 (Kuhl et al., 2004). This deﬁnition of ϕD considers that micro-
cracking only occurs within the skeleton material. The micro-cracks
located in the rock skeleton can be interpreted according to
Kachanov (1958) as micro-pores:
ϕD ¼ 1−ϕð Þ  D: ð83Þ
Including Eq. (83) into Eq. (82) yields
ϕ ¼ ϕþ 1−ϕð Þ  D ð84Þ
where D is the damage scalar, 0 b D ≤ 1.
2.5.3. Vapor ﬂow equations
The vapor is transported within the gas phase by non-advective
(diffusion due to vapor gradient) and advective ﬂuxes (advection due
to the movement of gas). This means that the relative apparent velocity
of vaporwith respect to the deforming solid vgwr includes both diffusive
velocity of the vapor νdgw and the advective velocity νagw of the vapor.D
a
m
a
ge
D
am
a
ge
Time = 10000s
Time = 13000s
Max = 0.494
Max = 0.494
n of the rock damage induced by gas pressure.
35M. Fall et al. / Engineering Geology 176 (2014) 24–44Considering that the diffusive mass ﬂux is governed by Fick's law,
the diffusive relative velocity of the vapor can be expressed as:
νgwd ¼−ϕSgDgw
1
ρgw
∇ρgw ¼−ϕ ð1−Slð ÞDgw
1
ρgw
∇ρgw ð85Þ
where Dgw is the tensor of molecular diffusivity of vapor, with units of
m2/s Pa. Dgw is a function of the tortuosity factor (τ), temperature and
pressure. The tortuosity accounts for the tortuous nature of the pathway
in sedimentary rock. Indeed, the porous space of a sedimentary rock can
have a very complex inner structure, which inﬂuences the vapor diffu-
sion process. Therefore, tortuosity should be taken into account in the
diffusion process. The tortuosity factor of the porousmedium can be ap-
proximated by using the formula proposed by Millington and Quirk
(1961), i.e.
τ ¼ ϕ1=3S7=3g ¼ ϕ1=3 1−Slð Þ7=3: ð86Þ
Furthermore, Daian (1989) proposed the following relationships to
express the effects of gas pressure (pg) on the diffusivity of vapor in
the air.
Dgw Pg
 
¼ Dgw;0
Pg;0
Pg
ð87Þ
where Dgw,0= 2.58 × 10−5 [m2 s−1] is the diffusion coefﬁcient of vapor
species in the air at the reference temperature T0 = 273.15 [K] and
pressure Pg,0 = 101325 [Pa] (Forsyth and Simpson, 1991).Pe
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Fig. 12. Computed evolution of the spatialSince the vapor is considered as an ideal gas, thus, similar to Eq. (63),
we can write that:
1
ρgw
dρgw ¼
1
Pgw
dPgw ¼ CgwpdPga ð88Þ
in which Cgwp represents the coefﬁcients of compressibility of the
vapor.
Substituting Eqs. (34), (51), (52), (65) and (70) into an equation of
the conservation of water vapor mass:
−∇  ρgνgwr
 
¼ ρgw
D ϕ 1−Slð Þ½ 
Dt
þ ϕ 1−Slð Þ
Dρgw
Dt
þ ρgϕ 1−Slð Þ∇  vs þ Qlgπ
ð89Þ
the vapor ﬂow in the sedimentary rock of the DGR is governed by:
∇: ρg
krgk
μg
∇pg
" #
¼ ϕρgw 1−Slð Þ
∂εv
∂t
þϕρgwcSp
∂pl
∂t −ϕρgwcSp
∂Pg
∂t
þϕρgw 1−Slð Þcgwp
∂Pgw
∂t
þρgw 1−Slð Þ
∂ϕ
∂t þ Q
lg
π−∇  ρgwϕ 1−Slð ÞCgwpDgw∇pgw
h i
:
ð90ÞTime = 11000s
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Fig. 13. Computed evolution of the spatial distribution of the degree of gas saturation after
a) 2000s (region ❶ in Fig. 10) and b) 8000 s (region ❷ in Fig. 10).
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scale experiments
3.1. Introduction
The coupled HMmodel presented above is implemented in the FEM
code COMSOLMultiphysics. The latter can perform diverse categories of
analysis including: stationary and time-dependent, linear and nonline-
ar, eigen-frequency and modal analysis by using ﬁnite element method
(FEM) in concert with adaptive meshing and error control which em-
ploy a variety of numerical solvers (Comsol, 2009).
The capabilities of the HMmodel to simulate themain physical pro-
cesses need to be tested against well controlled laboratory experiments
and ﬁeld gas injection tests. This will provide conﬁdence in its validity
and reliability for predicting and simulating gas migration in host sedi-
mentary rocks under coupled hydro-mechanical loading conditions.
The simulation of two laboratory gas injection tests are presented ﬁrst,
followed by the simulation of an in situ gas injection test in the under-
ground Mont Terri Rock Laboratory in Switzerland.
The above laboratory and ﬁeld experiments were performed on
Opalinus Clay. The argillaceous rock Opalinus Clay, named for the am-
monite Leioceras Opalinum, has gained acceptance as a potential host
sedimentary rock formation for geological disposal of nuclear waste.
This Jurassic-aged Opalinus Clay generally consists of dark gray, silty,
calcareous andmicaceous clay stones from the Jurassic Age. It has sever-
al desirable characteristics, such as low permeability and potential
capacity for self-sealing of fractures, making it a good candidate as a
host formation (Corkum and Martin, 2007) for the long term manage-
ment of radioactive wastes. A constant temperature of 20 °C (isother-
mal conditions) is assumed in all validation tests.
3.2. Simulation of laboratory experiments
3.2.1. Description of laboratory tests and comparison of modeling results to
experimental data
To assess the ability of the HM model to reliably predict the gas
migration within a sedimentary rock at laboratory scale, two sets of ex-
perimental results from laboratory scale gas injection tests on Opalinus
Clay were used. The Opalinus Clay specimens were sampled from the
Mont Terri. Triaxial loading, strength and gas injection tests were con-
ducted on Opalinus Clay cylindrical samples (length = 150.45 mm; di-
ameter = 73.59 mm) in a standard Kármán-cell in a servo-hydraulic
testing machine (RBA2500, Schenk/Trebel Germany — using MTS-
TestStar software) which allowed for independent control of the radial
(σ2=σ3) and axial stresses (σAx) (Popp et al., 2008). At the top and bot-
tom of each cylindrical specimen a borehole was drilled. A hydrostatical
load condition was created during the tests. The essential details of the
apparatus are schematically illustrated in Fig. 3. Furthermore, by using
specially developed piston sets, acoustic velocities (Vp and Vs) and
gas-permeability were measured parallel to the sample cylinder axis
(dimensions: 80 mm in diameter and 160 mm in length). The sample
volume changes ΔV were determined by a volume balance of the man-
tle oil volume changes as measured via a pressure intensiﬁer and the
axial piston displacement in the cell (Popp, 2006; Popp et al., 2008).
The gas (nitrogen) was injected at controlled pressure in a central bore-
hole situated at the bottom of the sample (Fig. 3). Nitrogen was used as
the test gas. The gas ﬂow rate at the upper outﬂow borehole was mon-
itored. Two main series of gas injection tests were performed. The ﬁrst
was conducted by applying a constant conﬁnement pressure. Hydro-
static loading was applied with a constant conﬁnement pressure
(Pc0 = 3 MPa) and gas pressure was increased as a step-wise function.
The second series was performedwith increased conﬁnement pressure.
Hydrostatic loading was applied with increased conﬁnement and step-
wise increase of the gas pressure. The details of the experimental set up
and program are available in Popp (2006), Popp et al. (2008) and Xu
et al., 2011.– The ﬁrst set of results (Set # 1) used for model testing purpose come
from the gas injection testswith constant conﬁnement pressure. The
experimental results are presented in Fig. 4.
– The second set results (Set # 2) considered in this simulation come
from the gas injection tests with increased conﬁnement pressure
(Fig. 5). From Fig. 5, it can be observed that there is a fall in the gas
outﬂow rate between 3000 s and 4000 s. Popp et al. (2008) empha-
sized that this drop could be attributed to discontinuous gas transport
due to the existence of local heterogeneities within the specimen.
The values of the main parameters used for modeling the gas injec-
tion are given in Table 1 and Popp et al. (2008). Figs. 6 and 7 show the
ﬁnite element mesh and the boundary conditions considered in the
analysis. The validation results are presented in Figs. 8 and 9, respective-
ly. Fig. 8 illustrates the comparison between measured and simulated
gas ﬂow rate for the case of a constant conﬁnement pressure, whereas
b) Details of Mont Terri Underground Rock Laboratory
(Shao and Schuster 2009) 
a) Geological section showing the location of the Mont Terri
Underground Rock Laboratory (Freivogel 2001)   
Fig. 14. Geological location (a) and details of the Mont Terri underground rock laboratory (b), and location of the in situ gas injection experiments (c).
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Fig. 15. Schematic presentation of ﬁeld gas injection test carried out in the underground laboratory Mont Terri (Shao and Schuster, 2009).
38 M. Fall et al. / Engineering Geology 176 (2014) 24–44Fig. 9 shows the comparison betweenmeasured and predicted gas ﬂow
rate for the case of an increasing conﬁnement pressure. To study the
signiﬁcance of the impact of mechanical damage (e.g., rock micro-
cracking) induced by high gas pressure on the gas migration within
the sedimentary rock, two simulation results are presented in Fig. 8:
(i) a simulation that includes mechanical damage (model with damage
in Fig. 8), (ii) a simulation that does not include the damage component
(modelwithout damage in Fig. 8). From Figs. 8 and 9, it can be seen that,
regardless of themode of conﬁnement applied, the model that includes
damage can adequately predict the gas migration within the Opalinus
Clay. However, Fig. 8 shows that the model that does not include me-
chanical damage cannot adequately predict the gas ﬂow rate for high
gas injection pressure (N30 bar, Fig. 4). This ﬁnding emphasizes the ne-
cessity of taking into account the mechanical damage induced by high
pressure in the mathematical formulation of HMmodel for the predic-
tion of gas migration in host sedimentary rock, as will be discussed in
more details later. From Fig. 8, it can be also noticed that, up to a time
of 10,500 s (or gas injection pressure of approximately 2.8 MPa), there
is no signiﬁcant difference between the gas ﬂow rates predicted by
the model with damage and that without damage. This shows that
both models can simulate well the early evolution of the ﬂow rate.Fig. 16. Two dimensioHowever, Fig. 8 shows that the model that includes damage overesti-
mates the gas ﬂow rates when the gas pressure just starts to be higher
than the conﬁnement pressure, i.e. at the beginning of the rockmechan-
ical damaging processes. This overestimation is to due to the conserva-
tive assumption made in the Eq. (59), which captures the damage
induced increase in permeability. It is assumed that all cracks generated
by the damage are connected. However, it is known that the beginning
of damage does not exactly correspond to the beginning of permeability
changes. The signiﬁcant changes in permeability occur only when
the damage level brings about a number of connected cracks or ﬂow
paths. From Fig. 9, it can be seen that the HM model can relatively
well capture the decrease in gas ﬂow rate observed experimentally
when the gas injection pressure reached its peak value and then
remained constant. This decrease in gas ﬂow rate can be explained by
the reduction of the intrinsic permeability because of the increase in
the conﬁnement pressure. An increase in conﬁnement pressure is asso-
ciated with a reduction of pore space within the deformable rock. As
shown in Eq. (56), this will result in a decrease of the rock permeability.
In conclusion, these results suggest that theHMmodel can satisfactorily
describe the gas migration within the laboratory sample as well as cap-
ture the main physical processes that occur in the samples.nal model mesh.
Table 2
Main material properties used.
Parameter Unit Value
Porosity [–] 0.12
Permeability [m2] 1e−20
kmax permeability (at damage max. Dkmax = 0.3) (m2) [m2] 2e−18
Initial saturation % 100
Residual water saturation [–] 0
Residual gas saturation [–] 0
Young's modulus [GPa] 11.4
Poisson ratio [–] 0.27
Friction [°] 24.5
Cohesion [MPa] 8.6
Tensile strength [MPa] 2.5
Residual tensile strength [MPa] 0.8
Strain εto – 0.9 × 10−4
van Genutchen's parameters;M = 0.5; α: 0.1
fc is the uniaxial compressive strength [MPa] 12
fcr is the residual compressive strength [MPa] 3.0
Strain εco 7.2 × 10−4
Permeability vs porosity ﬁtting constant (A) 200
Fig. 17. Comparison between the predicted and measure gas pressure.
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injection tests
In this section, other results from the numerical simulation of the gas
injection tests on laboratory samples of Opalinus Clay are presented.
These results will illustrate our understanding of the nature of the gas
ﬂow through Opalinus Clay. The physical conditions to which the sam-
ple is subjected (pressures applied by the injection and recovery sys-
tems, conﬁnement pressure) have been reproduced in the model.
Fig. 10 shows (gas injection tests with constant conﬁnement pressure
considered) the evolution of the spatial distribution of the gas pressure
within the Opalinus Clay sample (results obtained by using the HM
model with damage). It can be seen from this ﬁgure that a maximum
gas pressure of around 3.5 MPa is reached at the injection point, when
the maximum gas ﬂow rate is achieved; furthermore, over 60% of the
sample shows a gas pressure higher than 2.5 MPa. It can be also
observed that a gas breakthrough (point ❸) is preceded by a sharp in-
crease in gas ﬂow rate and followed by a quick decrease in gas pressure
after the peak. This breakthrough and sharp gasﬂow rate increase could
be an indication of the generation and propagation of microcracks
(mechanical damage) within the sample, i.e. the result of damage-
controlled ﬂuid ﬂow, which could suggest that the gas moves through
a fracture network. This damage-controlled gas transport is known as
a coupled hydromechanical transportmechanismwith a high gas trans-
port capacity (Alkan and Müller, 2008). The latter interpretation is also
consistent with the simulation results presented in Fig. 11. Fig. 11 illus-
trates the simulated evolution of the spatial distribution of the rock
damage. It graphically demonstrates that high gas pressures can result
in the damage of the sedimentary rock. However, the mechanical
damage of the sample took only place just before the breakthrough
(point ❸). This damage is associated with a signiﬁcant increase in rock
permeability as shown in Fig. 12. This may have important implications
for the transport of gas in host sedimentary rock. However, from Fig. 12
(region ➋) it can be noticed that other factors can also affect the rock
permeability. Indeed, although the mechanical damage is still close to
zero in the region ➋, there is a non-negligible increase in rock perme-
ability (Fig. 12, region ➋) in that region. This higher permeability can
be attributed to an increase in volumetric deformation. The latter com-
bined with an increase in the degree of gas saturation in the region ➋
(Fig. 13) can be viewed as the main factors responsible for the non
negligible increase in gas ﬂow rate in the region ➋ (Fig. 10, region ➋).
3.3. Simulation of in situ tests
3.3.1. Description of in situ tests and comparison of computed results to
experimental data
The in situ gas injection tests were conducted at the Mont Terri Un-
derground laboratory (Fig. 14),which is located in the JuraMountains of
northwestern Switzerland. Mont Terri is an asymmetrical anticline
folded during the Late Miocene to Pliocene period (Fig. 14a). The rock
laboratory is situated within the Opalinus Clay unit that dips approxi-
mately 45° southeast (Corkum and Martin, 2007). In the area where
the laboratory is located, the overburden varies between 230 and 320
m. The extensive in-situ stress measurement program conducted at
the Mont Terri Rock Laboratory by Martin and Lanyon (2003) revealed
that the magnitude of σ1 is 6–7 MPa, σ2 is 4–5 MPa and σ3 is 0.6–2
MPa. However, there is a great uncertainty with regard to the magni-
tude of σ3 (Martin and Lanyon, 2003).
The in situ gas experiments were carried out in the EZ-A niche
(Fig. 14b, c). This niche is situated in the shaly facies and was excavated
in year 2003 (Shao and Schuster, 2009). Fig. 15 shows a schematic pre-
sentation of the ﬁeld gas injection tests performed in this niche. In these
ﬁeld tests, four parallel boreholes were used for hydraulic testing (gas
andwater) and seismicmonitoring (Fig. 15). The boreholeswere drilled
using air-drilling technique (Shao and Schuster, 2009). Each borehole
has a diameter of 86 mm. The boreholes are perpendicular to the bed-
ding plane and oriented 45° upwards. The bedding plane and the tunnelwall form a 45° angle (Shao and Schuster, 2009). The occurrence of
bedding planes results in an anisotropy of the permeability, and thus
the ﬂuid ﬂow direction was expected to be preferentially parallel to
the bedding (Fig. 15). The central borehole (BHG-B9) was used for the
pneumatic and hydraulic testing with a single packer system. Its length
was about 10 m. This length ensures that the gas injection experiments
are performed in the undisturbed zone.
The drilling of a borehole was followed by the measurement of the
gas permeability of the undisturbed rock mass using gas injection.
Nitrogen gas was injected in the last one-meter-section of the bore-
holes. An injection pressure of 2 bar was used. Subsequently, pulse
tests with a stepwise increase of gas injection were performed in the
borehole BHG-B9. The latter is situated outside of the excavation dam-
aged zone of the niche EZ-A. These gas injection tests were performed
in the 1 m, sealed-off end section (sealed with a 0.6 m long packer) of
the central borehole BHG-B9 (Fig. 15). Three series of gas injection
tests were carried out in the test interval. Each series consisted of a cou-
ple of tests with a stepwise instantaneous increase of the gas injection
pressure. The gas used was nitrogen. The maximum gas injection pres-
surewas 2.5MPa. The rate of decay of the injection pressure depends on
the rate of gas outﬂow into the rock formation. That outﬂow rate, in
turn, is governed by the HM response of the rock mass. The details
about the gas and water injection tests are given in Shao and Schuster
(2009).
40 M. Fall et al. / Engineering Geology 176 (2014) 24–44In order to monitor crack generation, opening and closing, or
changes of near ﬁeld properties induced by gas injection, down-hole
seismic measurements were also carried out in the central borehole
(BHG-B9), as well as cross-hole seismic measurement in the other
three boreholes (BHG-B6, 7, and 8). The seismic measurements were
performed before, during and after the gas and water tests. Ultrasonic
measurements were performed stepwise in each borehole. These mea-
surements enabled to evaluate the change in the ultrasonic velocity,
whichmay help to analyze the changes in rock properties (e.g., genera-
tion of cracks, opening and closing of cracks) induced by the gas injec-
tions. Indeed, it is well recognized that seismic velocities in rock
change signiﬁcantly with progressive failure (Schuster et al., 2001).
The measurements were conducted with the BGR ultrasonic borehole
probe. The characteristics of the probe and the seismic measurement
procedures are detailed in Schuster et al. (2001) and Shao and
Schuster (2009). The ultrasonic interval velocity measurements (IVM)
performed in the infection borehole allowed the determination of the
P-wave velocity differences. These calculated differences allowed evalu-
ation of the zones damaged or whose properties were changed by the
gas injection.
In order to simulate the in-situ gas injection test, a rectangle with 5
m edge length is deﬁned. The borehole has a diameter of 86mm. Fig. 16
shows the graphical description of the conceptual model with the
deﬁned mechanical and hydraulic boundary conditions. A special code
was developed to apply the gas boundary conditions. The gas test was
carried out in the last meter section of the borehole. The initial satura-
tion degree of the rock is 100%. The main material properties used arePr
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Fig. 18. Simulated evolution of the spatial distribushown in Table 2. Other parameters and the in situ stress conditions
are already given in the previous sections. The in situ stress ﬁeld was
applied on the model boundaries.
The results for the pressure decay are presented in Fig. 17. To under-
line the potential effect of mechanical response (deformation, damage)
of the rock on gas migration, two cases are considered. In the ﬁrst case
only the ﬂuid transport problem is modeled (H-only in the Fig. 17). In
the second case, the coupling between ﬂuid transfer and themechanical
behavior (stress, deformation, damage) is considered (HMwith damage
in Fig. 17). From Fig. 17, it can be observed that there is good agreement
between the results predicted by using the HM-model (with damage)
and the gas pressure values measured in the ﬁeld. Furthermore,
Fig. 17 shows that the mechanical component of the gas transport
model cannot be neglected. Indeed, from this ﬁgure, it can be noticed
that at high gas injection pressure (1.8MPa or 18 bar) there is a discrep-
ancy between the predicted and the experimental results, when only
ﬂuid ﬂow is considered in themodel. This discrepancy can be explained
by the fact that this high gas pressure, which is already higher than the
minimumprincipal stress at theMont Terri test site, will not only lead to
the rock deformation but also to itsmechanical damage (generation and
propagation of cracks). The connections of the cracks and the pores en-
largement would result in permeability increase. As shown in Eq. (56),
the intrinsic permeability (k) depends on the pore structure (volume
of pores, distribution of pores, cracks) of the porous medium. This
permeability increase induced by rock deformation and damage can
be well captured by the HM model with damage, but not by the
H-model. This would imply that the prediction of gas migration from aPr
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tion of the gas pressure within the rockmass.
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modeling approach when the gas pressure is high. The mechanical re-
sponse (e.g., deformation, mechanical damage) of the rocks has signiﬁ-
cant impact on the gas transport in that situation. However, from Fig. 17
it can be also observed that at lower gas injection pressure (0.6 MPa,
1.2 MPa), the HM model with damage predict slightly lower gas pres-
sures than the H-model. This can be explained by the fact that the func-
tion, which capture the effect of rock deformation (Eq. (56)) or rock
damage (Eq. (57)), slightly overestimates the intrinsic permeability at
the beginning of the rock deformation or damage. At the beginning of
the rock deformation or damage,most of the enlarged pores or generat-
ed cracks are not connected; consequently no signiﬁcant increase in
permeability should occur as explained earlier.
3.3.2. Additional results from the simulation of the in situ gas injection tests
In this section, some representative simulation results are presented
to show the variation of gas pressure, gas and water ﬂow velocity, rock
damage at different times during the in situ gas injection experiment.
The modeling approach, conceptual model, boundary and initial condi-
tions aswell as thematerial properties adopted are already explained in
the previous section. Fig. 18 presents the evolution of the spatial distri-
bution of the gas pressurewithin the rockmass, whereas Figs. 19 and 20
illustrate the computed evolution of the gas ﬂow velocity (arrow) and
pressure, and water ﬂow velocity (arrow) and pressure within the
rockmass, respectively. From Fig. 18, it can be seen that maximal gas
pressure is reached at the injection zone and just before the gas break-
through (point❸). Figs. 19 and 20 show that the gas front and the porePr
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Fig. 19. Computed evolution of gas ﬂow velocitywater migrate into the rockmass with increased gas pressure. The
injected gas pushed the pore water in a radially outward direction,
resulting in a desaturation near the injection borehole. Away from this
desaturation zone, the porewater pressure increases and is accompa-
nied by an increase in the gas entry pressure that would reduce the
rate of further gasmigration. Themaximumgas pressure remained con-
centrated on the area surrounding the injection zone (Fig. 18). It can be
also noted that after the gas breakthrough, the gas pressure (Fig. 18) and
ﬂowvelocity (Fig. 19) decrease. Fig. 21 illustrates the spatial and tempo-
ral evolution of the mechanical damage of the rockmass. It can be ob-
served that a signiﬁcant mechanical damage of the rock occurs just
before the gas breakthrough (point ❸) and the maximum damage is
concentrated on the areas surrounding the gas injection point. These
simulation results are supported by experimental evidence obtained
with the in situ seismic measurements (mentioned above and given in
Shao and Schuster (2009)) performed on the borehole for the detection
and characterization of the damaged zone of the rockmass damaged
(due to gas injection). The results of the seismic measurements
performed before and just after the gas injection tests have shown
that the gas injection pressure of 12 bar and 18 bar result in openings
of micro-cracks in the gas injection zone. This is becausewhen gas pres-
sure in pore space increases, the effective stress decreases. If the
increased gas pressure is comparable to or higher than the minimal
principle stress component, micro crack will be generated. From
Fig. 19, it can be also noticed that at low gas pressure (2 bar), there is
no mechanical damage. This is consistent with the value of minimum
principal stresses of the study area as mentioned above.Horizontal distance (m)
Horizontal distance (m)
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Based on the results obtained in this work, the following conclusions
can be drawn:
– A coupled hydro-mechanical (HM)model for predicting and analyz-
ing gas migration in sedimentary rock is developed. In addition to
standard hydraulic and mechanical coupled processes, the HM
model considers the elastic degradation due to microcracks or dam-
age, mechanical damage-controlled gas ﬂow as well as coupling of
ﬂuid ﬂow andmechanical stresses, coupling between diffusion coef-
ﬁcient and induced damage, coupling between tortuosity and rock
deformation and damage, inﬂuence of rock deformation on perme-
ability, capillary pressure and diffusion coefﬁcient, as well as varia-
tion of porosity with stress, deformation and induced damage.
Moreover, the model also considers the modiﬁcation of capillary
pressure due to the variation of the pore structure of the sedimenta-
ry rock. This variation can result from rock deformation and/or me-
chanical damage. Tensile and compressive damage in the host rock
are accounted for too. The model parameters are easy to obtain.
– The predictive ability of the developed model is tested against
results from laboratory and ﬁeld scale experiments performed on
potential host sedimentary rocks (Opalinus Clay) for nuclear waste
repositories. The results show good agreement between model pre-
dictions and laboratory experimental results.
– The numerical results provided a better scientiﬁc and engineering
understanding of the mechanism of gas migration within aPr
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Fig. 20. Computed evolution of water ﬂow velocity (asedimentary rock and its effect on the rock. It is found that high
gas pressure can lead to mechanical damage (micro-cracking) of
the sedimentary rocks. The damage-controlled gas transport mech-
anism results in a pronounced increase in the gas ﬂow rates. It has
been shown that it is important to consider the fully coupling effects
of the hydraulic and mechanical (stress, deformation, damage)
processes for a proper modeling and assessment of gas migration
in sedimentary host rock, when large pressures are expected.
– The developed model is a helpful tool to study the gas migration in
sedimentary host rocks of deep geological repositories for nuclear
wastes. However, further work can be done in the future to extend
and strengthen the capability of the model. For example, it would
be interesting to implement anisotropic mechanical damage in the
developed HM model in further study. Moreover, a poro-elastic
damage model is adopted to capture the mechanical response of
the rocks. The latter presents some limitations for fully capturing
the mechanical behavior of the rocks. In future studies, a better rep-
resentation of the rock behaviormay be achieved by implementing a
more sophisticated constitutive model (e.g., elasto-plastic damage)
for representing the rock behavior. The chemical interactions
between the ﬂuid (water, gas) and the rock (reactive transport)
are neglected in the model proposed. However, these interactions
could lead to precipitations and/or dissolutions of the minerals,
which may positively or negatively affect the porosity and perme-
ability of the sedimentary host rocks. Thus, the proposed model
should be improved in the future to take into the possible chemical
interactions between the ﬂuid and the rocks.Pr
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Fig. 21. Evolution of the spatial distribution of the rock damage induced by gas pressure.
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